With a view to determining in situ the hydraulic properties of soils with macropores, disc permeameters are currently used which allow evaluation over time of water infiltration values and selective activation of preferential flow paths through variation in water supply potential imposed on the soil surface. It is then possible, through the resolution of wetting 3-D flow fields, to obtain soil hydraulic characteristics at or near saturation. In this study two different methods to calculate the hydraulic conductivity of a structured soil, based on disc-permeameter data, are compared. Laboratory core measurements based on the crust method are also used in the comparison. The first method based on a single disc at the same location with multiple water supply potentials gave results that are accurate, whereas the second method based on a single disc at different locations and water supply potentials gave biased values. The advantage of the examined equipment and procedures is that they are simple to apply and use. Moreover, useful applications of disc-permeameter techniques also consist in the measurement of soil structural parameters, especially pore size and areal macroporosity under irrigation practice.
Introduction
In recurrent open field situations, above all in soil surface layers, structural and textural variations as well as various geometric characteristics of the matrix may entail significant space-time variations in the processes of water and solute movement.
The action of raindrops, the boundary forces provoked by surface flows and chemo-physical factors linked to water quality may, on the soil surface, lead to obtained, which excludes the macropore system. It is thus possible, by the resolution of the 3-dimensional moisture flow field, to obtain soil hydraulic properties for water content values near saturation.
Finally, it is worth mentioning particular calculation methods proposed in the literature and set up for estimating hydraulic conductivity from disc permeameter data. Among others, the most commonly used are those proposed by White and Sully [14] and by Ankeny et al. [12] . Such methods vary in complexity and simplificatory assumptions, as well as having different advantages and limitations.
In order to further our knowledge in this field, this paper presents an application of disc permeameter equipment, analysis techniques and procedures in the examination of field hydraulic conductivity of a structured soil.
In section 2 the constructional characteristics of the disc permeameter equipment are presented (2.1); the theoretical underpinning for using the disc permeameter to infer hydraulic conductivity are illustrates (2.2). Section 2.3 illustrates the physical properties of the soil in question, the methods of the infiltration test and the calculation procedures used. Finally, some considerations are made and several conclusions drawn.
Materials and methods

Disc-permeameter
The apparatus used to impose Dirichlet's boundary condition h 0 ≤0 at the soil surface, in which h 0 is the water supply potential, are called tension infiltrometers or disc permeameters in the literature.
Following the design of Perroux and White [10] , a prototype permeameter (figure 1) was set up jointly by the Institute of Agricultural Hydraulics of the University of Naples.
The permeameter in question consists of a bubble tower which may be considered a Mariotte double regulator connected to a perspex disc 200 mm in diameter covered by a porous nylon membrane with air entry value of approximately 0.25 m.
The first regulator allows us to apply via the membrane a constant water supply potential which can be controlled by adjusting the water level inside. The second regulator, which functions as a reservoir by means of a graduated scale, allows infiltration water volumes to be evaluated in time.
The experimental observations which may be carried out with such a device necessitate, between the base of the disc and the soil surface, that there is adequate hydraulic contact by means of a thin sand stratum previously wetted up to a volumetric water content close to 0.01. Schematic diagram of disc permeameter.
Sorptivity
The water flow emanating from a disc source according to Dirichlet's boundary condition:
where h 0 is the water supply potential, z is the depth and t is the time, is initially controlled by soil capillarity (Philip, [16] ): Integrating eqn. 1 with regard to t, we obtain:
For lower time values starting from infiltrated water volumes, S 0 may be simply deduced from the slope of I with regard to t .
The geometric time scale of Philip [16] , t geom , may be used to evaluate when the geometric dominance of disc source should have been established. This time is considered to be:
in which ∆θ=θ 0 -θ n ; θ 0 and θ n are, respectively, water content values corresponding to the supply and initial water potential.
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Steady state flow
The water flow rate will reach a stationary value henceforth termed Q ∞ for greater time values (Philip [17] ).
In the case of multi-dimensional flow processes, Philip [18] showed that a characteristic time scale t* for the steady state flow rate is that for which the flow from the source is 1.05 times the steady flow rate. His calculations show that when the characteristic size of source r equals or exceeds the macroscopic capillary length scale, λ c, an "innate soil length scale" as defined by Raats [19] , then it may be held that t*=t grav , with t grav given by:
The above findings were recently confirmed by Warrick's studies [20] . Physically, t grav represents the time in which the effects of gravity equal the effects of capillarity (Philip, [16] ).
In the case of "alpha" soils, that is those soils in which hydraulic conductivity takes the exponential form (Gardner, [21] ): ( )
in which k 0 is the saturated hydraulic conductivity and α a constant equivalent to λ c -1 , Wooding [22] showed that the steady flow from the source, for an assigned value of water supply potential, may be approximated with sufficient accuracy by the following expression:
Subsequently, White and Sully [14] An alternative approach based only on Wooding's solution is possible when we know the flows Q ∞ corresponding to the different r values of the source (Scotter et al., [23] , Smetten and Clothier, [15] ). This approach allows k and λ c to be evaluated directly, thereby solving two type (5) The same principle may be applied for a single r of the disc source but with infiltration measurements at multiple potentials (Ankeny, [12] (8) in which Q 1 and Q 2 are, respectively, Q ∞ at h 1 and h 2 .
Soil site and measurements
Infiltration tests were conducted in the spring of 1994 at the experimental farm of the University of Basilicata near Corleto (Potenza, Italy) on a bare soil which had undergone minimum tillage during the winter. The dominant soil at the experimental site is sandy clay with a clay content of approximately 30% as shown in figure 2. Particle size distribution of examined soil.
From the pedological point of view, the soil may be classified as "vertic ustorthens" according to the USDA classification system. Other important properties comprise moderate permeability and the vertic traits of clayey land which cracking renders quite appreciable during the summer. At the test location one (1x1 m 2 ) plot was isolated and subdivided into 4 equal subplots of 0.5x0.5 m 2 . To determine soil hydraulic conductivity with White and Sully's method [14] , three water supply potentials were used (-0.02; -0.06; -0.10 m), each in a single subplot.
According to the Ankeny et al. method [12] , in the 4th subplot the disc permeameter was not moved for trials at the three potentials (-0.06; -0.04; -0.02 m). With this method, steady state flows were measured in an ascending sequence of supply potentials: first with a -0.06 m water supply potential followed by -0.04 and -0.02 m.
In each subplot, three undisturbed soil samples, 4.8 cm in diameter and 2.8 cm in height, were taken from the soil surface before and after the infiltration tests in order to measure bulk density and volumetric surface water content θ corresponding to h 0 and h 1 . The mean dry bulk density of the first 2.8 cm of soil measured on undisturbed soil samples was estimated at 1.198 g/cm 3 and the standard deviation at 0.05 g/cm 3 . Following disc permeameter measurements, the soil was allowed to drain for about three hours and then an undisturbed soil sample 15 cm in diameter and 20 cm high was dug out of the 4th subplot immediately below the porous disc, to measure the hydraulic conductivity in the laboratory with the crust method (Booltink et al., [13] ). gradient measured with small tensiometers. Once it has been ascertained that the water flux density in is equal to the water flux density out, the hydraulic conductivity will be equal to the imposed water flux. Moreover, it is worth noting that under the condition of unit hydraulic head gradient the matric potential at different depths is uniform, the water content is fairly uniform and, consequently, the accuracy in the estimate of k will only depend on measurement errors. Thus, the function k(h) of the soil in question was deduced with great accuracy, applying a series of steady water flux densities for an extended period of time by means of a porous disc connected to a bubble tower to control the water supply potential in a field of variation between 0 and -0.20 m and evaluating the hydraulic gradient from the tensiometer measurements at depths of 0.025 and 0.075 m.
Results and discussion
White and Sully [14] ) calculate sorptivity by means of eqn. (2) . By contrast, Q ∞ is estimated for greater time values and the same authors use eqns. (6) and (7) to calculate the hydraulic conductivity. Thus, in using eqn. (6) ∆θ is still required.
The main theoretical assumption underpinning the method is that cumulative infiltration I for lower t values varies linearly with the square root of time and, for greater values, linearly with t. figures 4a and 4b show that for the soil in question the features of flow theory for disc permeameters are satisfied. determine S o by regression of I against t at the straight line portion of figure 3b for t values from 0 to roughly 100 s. On the other hand, Q ∞ may be evaluated by regression of I(t) against t for the long straight portion of figure 4a. In the observed situation, it seems reasonable to expect a steady flow rate within less than an hour, which allows sufficient Q ∞ data to be obtained most rapidly. This last consideration is interesting in the case where it is intended to conduct inquiries to ascertain the level and pattern of spatial or temporal variability.
Amongst the methods based on Wooding's equation (5), the method proposed by Ankeny et al. [12] is based only on measurements of steady-state flow rate Q ∞ . However, determining when Q ∞ is reached may be very difficult (Warrick, [20] ).
With regard to figure 5, for the soil in question the mean time for reaching steady-state flow for the -0.06 m water potential was 100 s, followed by 400s to attain steady-state flow at -0.04 m water potential and finally 650 s for -0.02 water potential. In the above case, Q ∞ is obtained by the regression of I(t) against t from figure 4 and eqns. (8) are used to calculate conductivity k. Steady-state flow intake for 3 water supply potential at the same measurement site.
Unlike the White and Sully method, in the Ankeny method measurements of θ 0 and θ n are entirely avoided.
The conductivity values calculated by the various methods adopted are given in figure 6 , which also supplies, for the sake of comparison, laboratory core measurements of k based on the crust method.
In particular, note that the k values calculated by the Ankeny method are in good agreement with the k values determined with the crust method. In any case, the bias ascertained for the White and Sully method to underestimate k values is within less than one order of magnitude. Comparison of estimates of unsaturated hydraulic conductivity obtained using White and Sully method [14] ; Ankeny et al. method [12] ; Boolting et al. method (=crust method) [13] .
The analysis of behaviour at the origin of function k(h) evidences a bimodal distribution of the porous system of the examined soil, with a water potential break-point at ≅ -0.03 m. With the increase in water potential from -0.02 m to 0, hydraulic conductivity increases by about an order of magnitude, nonetheless assuming numerical values greater than those measured in a previous measuring campaign (Ciollaro et al., [24] ) on undisturbed soil samples taken in the same sites. Such behaviour suggests that the structural porosity of this clay soil may play a dominant role in determining the pattern of water flow in the field.
Furthermore, to represent this bimodal pore system, a two-line regression model may be more responsive than the usual linear model, or than the model with several parameters proposed by van Genuchten [25] . Such findings were also reached by Messing and Jarvis [26] in a similar pedological context.
Philip [27] , starting from macroscopic capillary length λ c , infers a representative pore size λ m (mm) by using the capillary theory: (9) in which τ and ρ are, respectively, the surface tension and the water density, and g is the acceleration of gravity. The characteristic size λ m defined by White and Sully [14] to be a "physically plausible flow weighted pore size" may be considered a representative index of soil structure.
Starting from the measured values of S 0 , k and ∆θ, estimates were made by means of eqn. (9) 
Conclusions
The Australian School of Soil Physics must take the credit for having made a great contribution in the analysis of multi-dimensional infiltration processes. Today, with a new class of experiments, it is possible to apply to the soil surface, via a porous membrane, a controlled water supply potential with water infiltrating according to Dirichlet's boundary condition. Infiltration is then evaluated as unsteady flow or it is possible to monitor the quasi-steady infiltration which follows the condition for which dI/dt is constant. By then applying the theory of 3-D steady infiltration, soil hydraulic properties at or near saturation may be inferred, thereby breaking the existing link between gravity, capillarity and geometry of the disc source, as is evident in the analysis performed in section 2 of Materials and Methods. With regard to the soil considered, the results obtained show good agreement between the methods used for determining hydraulic conductivity. The Ankeny et al. method [12] undoubtedly supplies the most accurate and reproducible results, and only requires steady state flows for 2 or 3 water supply potentials at the same locations, with the possibility of reducing the noise on k(h) estimates caused by spatial variability. The bias of the White and Sully method [14] in underestimating k could be attributed to the increasing spatial variability of hydraulic properties and previous volumetric water contents of the soil among the measuring sites. In situations of accentuated heterogeneity, as reported by Logsdon and Jaynes [28] , the White and Sully calculations could even provide negative k values.
In the light of the experience gained in this study, in the case of fine texture soils it would appear necessary to automatize the method, which would allow more accurate estimates of sorptivity. Finally, it is expected that there will be further and more extensive testing of the various methods, with a view to defining the hydrologic effects of soil structure, by using data from infiltration tests to be carried out on pedologically different soils. Such research efforts are clearly important for the quantitative assessment of soil management practices, soil irrigation and for studies of land degradation.
